We report measurements of hydroxyl (OH) and hydroperoxy (HO 2 ) radicals made by laser-induced fluorescence spectroscopy in a computer classroom (i) in the absence of indoor activities (ii) during desk cleaning with a limonene-containing cleaner (iii) during operation of a commercially available "air cleaning" device. In the unmanipulated environment, the one-minute averaged OH concentration remained close to or below the limit of detection (6.5×10 5 molecule cm 
| INTRODUCTION
Indoor air quality is of increasing concern in developed countries, especially given we are estimated to spend 90% of our time indoors. Most of our exposure to air pollution happen indoors rather than outdoors, despite the regulatory focus on the latter. A recent report estimated the total number of deaths due to air pollution each year was 40 000
in the United Kingdom alone, with further deaths caused by indoor air pollution. 1 It is therefore of critical importance that the routes to exposure indoors are fully understood, in order to calculate health burdens accurately and to develop policies that reduce overall exposure.
Indoor air is subject to a number of sources of pollution. Outdoor air can ingress to the indoor environment, providing a source of pollutants indoors, such as ozone (O 3 ), nitrogen oxides (NO X ), and particulate matter (PM). However, there are also numerous direct sources of pollution indoors, particularly from human activities such as cooking, cleaning, smoking, and the use of personal care products. 2, 3 These activities produce a wide range of indoor pollutants including PM, NO X and volatile organic compounds (VOCs), including oxygenated species such as formaldehyde (HCHO). Indoor activities can lead to higher indoor concentrations of some pollutants than outdoors and provide the basis for reactive chemistry. In addition, evidence in this field suggests that secondary rather than primary pollutants are to blame for adverse health effects that have been reported indoors. 2 One area of active research indoors is the potential impact on health of using cleaning products, both for occupational cleaners 4 and for domestic use of cleaning products in the home. 5 Many cleaning products contain limonene, 6 which can be oxidized indoors by ozone to form a range of secondary products, including some that have demonstrated adverse health effects. 5, 7, 8 Although it remains unclear exactly what causes the adverse health effects, there is compelling evidence that the gas-phase products of limonene-ozone mixtures rather than those in the particle phase are responsible for prominent sensory effects. 7 A method that is being increasingly adopted to maintain indoor environments is so-called air cleaning technology. 9 A variety of instruments adopt one of a number of different techniques, including thermal-or photocatalytic oxidation, adsorption, filtration (of particles), UV germicidal irradiation, ion generation, and electrostatic precipitation. 10 Many of them operate by generating high concentrations of OH radicals, with the aim of removing biological pathogens. However, OH radicals can initiate chemical oxidation indoors, leading to a wide variety of chemically complex products some of which are likely to be harmful to health. 11 Indeed, in a recent review of air cleaning technologies, it was noted that none of the technologies removed all indoor air pollutants, and many generated undesirable secondary products. 10 Clearly, it is important to understand what these products are and how they are formed to ensure that those who are exposed on a regular basis to cleaning processes are not adversely affected.
This article describes a small-scale study in a computer room in the 
| METHODS

| Description of room and activities
The office is situated to the rear of the Chemistry building at the University of Leeds, on the opposite side to a busy road adjacent to the front of the building. Measurements were made over 4 days in September 2012, but the focus of this article is on September 5th
when several different activities were carried out within the office. . A proportion of this flow was recirculated giving an estimated fresh air ventilation rate of 3.5 air changes per hour. There were also several large windows in the room. The side office was used to locate the radical instrument to minimize the influence of heat from the instrument on the main room.
Several different activities were carried out as described in Table 1 .
The surface cleaner was a well-known "lemon" scented UK brand listed to contain glutaral, benzisothiazolinone, undisclosed perfumes, citral, citronellol, hexylcinnamal, limonene, and linalool and was diluted and applied according to the manufacturer's instructions. The ACD was a commercially available instrument, which generated ozone internally in the presence of excess limonene to rapidly produce OH radicals.
The odor of limonene was detectable close to the instrument.
| Radical concentration measurements
Fluorescence assay by gas expansion (FAGE) has been well demonstrated as a powerful tool for atmospheric measurements of HO X .
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OH and HO 2 were monitored using the aircraft-FAGE instrument from the University of Leeds in a ground configuration. The FAGE inlet sampling the radicals was located in the room, with the laser and main instrument rack located outside the room: there is no loss of radicals when sampling with this configuration.
The instrument has been described elsewhere, 13 but a brief description is provided here. The instrument sampled ambient air at a rate of ~4 slpm through a 0.7 mm diameter pinhole, and the gas flowed through a single detection cell, held at a low pressure of ~1.7 Torr, for sequential detection of OH and HO 2 . OH was detected by its on-resonance laser-induced fluorescence following excitation at 308 nm. A reference cell, containing a heated filament used to thermally decompose water vapor to yield OH, was used to identify the wavelength at which the fluorescence of OH at that transition was strongest. Upstream of the detection cell was an injection port for NO, to chemically convert HO 2 to OH, subsequent to detection at 308 nm. and hence, the reported HO 2 concentrations in this study should be regarded as an upper limit. Some instruments have also reported an interference for OH measurements, [19] [20] [21] thought to originate from the decomposition of species within the sampling assembly/fluorescence cell. However, this artificially generated OH is likely to vary with instrument design, and there is no evidence to suggest it affects our reported concentrations.
| Other measurements
The concentrations of 22 different VOC concentrations (ethane were collected in pre-evacuated canisters and then analyzed off-line using gas-chromatography. 22 The samples were not taken frequently enough to determine changes following the various cleaning activities that were performed, and owing to technical reasons, the concentrations of the terpene species (including limonene) were not measured. F I G U R E 1 Concentrations of the hydroxyl (OH) radical during the measurement campaign with the FAGE measurements represented by red diamonds (one-minute averages) and the model predictions in blue (see text). Note that the large blue diamonds indicate the demarcation between different periods shown in Table 1 0.0E+00
T A B L E 1 Description of activities over the measurement period
2.0E+06
4.0E+06
6.0E+06
8.0E+06
1.0E+07
1.2E+07
1.4E+07
1.6E+07
1.8E+07 However, those determined provide some internal VOC concentrations to initialize the model.
Ozone concentrations were determined using an Aeroqual Series 500 Monitor fitted with a low range sensor head. The detection limit was 1 ppb with an accuracy of ±2 ppb. Eleven temperature and relative humidity (RH) sensors were placed around the room. Over the period from 08:00 to 16:00 on the 5th September on which this study focuses, the average temperature and RH values in the study room were 20.3°C and 47.7%, respectively with standard deviations of 0.9°C and 3.7%.
Outdoor concentrations were not measured as part of this study.
However, a regulatory National monitoring network site (Leeds Central) was located ~1 km from the School of Chemistry in Queen Square Court. 23 Outdoor concentrations were 27, 13, 6, and 301 ppb 
| Model
The model used to support this study is a detailed chemical model for indoor air (INDCM) that has been described in detail before.
24,25
It includes terms that describe the exchange of indoor species with outdoor air, photolysis (driven by indoor lighting as well as attenuated light from outdoors), deposition processes on indoor surfaces and chemical reactions. For the latter, the Master Chemical mechanism v3.2 has been used, [26] [27] [28] [29] which is a comprehensive chemical mechanism that describes the degradation of ~140 VOCs common in the ambient atmosphere. The INDCM also includes gas-to-particle partitioning for limonene oxidation products. 25 However, the MCM does not contain degradation schemes for the other terpene ingredients in the surface cleaner, namely linalool, citral, citronellol, and hexylcinnamal.
A literature search was carried out for these four compounds, and Although the Leeds centre ambient monitoring site was the closest to the measurement location, it is unlikely to be fully representative of the air outside the office, given the location of the office away from the busy street. The ozone concentrations measured inside the office on the 5th September were around 20-25 ppb when measurements began, similar to the concentration measured outdoors at the urban centre site 1 km distant. Away from the road, ambient ozone concentrations were likely to have been higher. Therefore, the outdoor concentration of ozone was increased in the model to 40 ppb, in order to produce an indoor concentration in the range of ~20-25 ppb under the observed conditions, to be more in line with the indoor measurements.
Note that when the windows were opened at 14:14 hours, the indoor O 3 concentration increased to 36 ppb, so this assumption seems reasonable. Outdoor NO and NO 2 concentrations were decreased by the same proportion to be consistent, to ~4 and 10 ppb, respectively. This 
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In the absence of measurements, it was assumed that the light transmitted through the windows was attenuated to 7.5% of that outdoors in the UV and 30% of that outdoors in the visible: indoor lighting was also included in the simulation. 24 Deposition velocities were based on a recent estimation of indoor values, 25 and the surfaceto-volume ratio was assumed to be 1.4 m −1
, the average value found during a recent campaign to investigate indoor air quality in European offices. 33 The impact of these assumptions on the predicted radical concentrations is discussed in Section 3.2. ), although these were for much higher O 3 concentrations of 180 ppb compared to the study described here. 
| RESULTS AND DISCUSSION
| Measured OH and HO 2 concentrations
| Modeled OH and HO 2 concentrations
Given the absence of measured terpene concentrations, a sensitivity study was carried out with the model with an aim to reproduce the modeled radical concentrations during the surface cleaning activity.
Assuming this aim is achieved, it becomes reasonable to use the model to investigate the chemistry in greater detail. The sensitivity study focused on the first three periods (Table 1) : the baseline before cleaning started (1), during cleaning (2), and the post-cleaning period (3).
For the model tests described, the root mean square (rms) difference between modeled and measured concentrations for each of the three periods was calculated and normalized to the measured value for that period (so that high/low concentration periods did not bias the overall agreement). The sum of the normalized rms differences for the three periods then provided an indication of which of the sensitivity tests best described the measured values.
The input values for the model were as described in Section 2.
For limonene concentrations during cleaning, a recent study that reported indoor limonene concentrations following surface cleaning was used as a guide for a starting concentration. The average limonene concentrations in the published study were ~1 ppb before cleaning, ~13 pbb 0-30 minutes from the start of cleaning and ~3 ppb 30-60 minutes after cleaning started. 6 After correcting for the fact that our study involved a smaller volume, larger AER, and shorter cleaning time, equivalent averages for our conditions were ~0.2 ppb before cleaning, ~3 ppb average between 0 and 30 minutes and ~0.7 ppb 30-60 minutes after cleaning. The linalool concentration was set at an arbitrary emission rate of 75% that of limonene, such that peak concentrations of the two terpenes during cleaning were 4.5 and 6.2 ppb, respectively, for the preliminary model run (Run 1). The results of the sensitivity study are shown in Table 2 for the three periods. As well as varying the indoor limonene and linalool emissions, the outdoor concentrations of NO and O 3 were varied, as well as the assumed A/V and photolysis rates.
Increasing the limonene concentration actually reduced the [OH]
and made the agreement worse (Runs 2 and 3). Decreasing the limonene concentration increased the OH concentration, but also decreased HO 2 , so overall agreement was worse (Runs 4-5). For runs 6-8, the limonene emission was left as for run 2 when the rms error was slightly lower than the baseline value. As the linalool emission rate in- 
Increasing the concentrations of these VOCs reduces [OH], rather than increasing it. Reducing them increases [OH] (but not by enough)
and also reduces the [HO 2 ] to below that measured.
We therefore searched in the literature for a terpene that was an OH source under these conditions and found that α-terpinene was a possibility. Past studies have found α-terpinene to be present in cleaning products at similar levels to limonene. 37, 38 Its rate coefficient for reaction with OH is approximately two times faster than for limonene, but importantly, with O 3 is 100× faster. 39 Therefore, only 7 ppb of O 3 is needed to make α-terpinene a net OH source. A simple scheme was consequently included in the model mechanism for terpinene. Reactions with OH and O 3 were included with the measured rate coefficients, and the rest of the simplified mechanism proceeded via analogy with linalool. The concentrations of limonene, linalool, and terpinene were then varied again to attempt to match the observed peak. The best results were found for maximum concentrations of limonene, linalool, and terpinene of 0.7 ppb, 3.9 ppb, and 70 ppt, respectively. This produced an rms value of 0.184 (Run 16, Table 2 ).
For the use of the ACD, another sensitivity study was used to investigate which OH emission rate best reproduced the measured [OH] and [HO 2 ] in periods 4 and 5. Model agreement was tested with and without a limonene emission, given the odor was detectable close to the ACD unit. The best agreement was found when we assumed that no limonene was emitted from the ACD, but that the OH emission rate was 8. Figure 3 shows a rate of production analysis for OH, HO 2, and RO 2 for the two cleaning activities. Initiation reactions are those that create radicals from non-radical reactants (often photolysis driven, but also includes formation through ozone-terpene reactions via Criegee intermediates), propagation reactions transform one radical to another and termination reactions involve radicals reacting to produce non-radical products.
For OH, the formation was driven by the terpene reactions with O 3 for surface cleaner use and by direct emission during the ACD use.
Although HONO was a net source of OH during use of the surface cleaner, during ACD use, the high concentrations of OH meant that HONO was formed much more rapidly through reaction with NO than consumed via photolysis. The HONO concentration was also relatively low at 0.4-0.5 ppb under these conditions. Termination reactions of OH and propagation to HO 2 and RO 2 occurred at rates 3-4 times faster for the ACD compared to surface cleaner use, reflecting the higher OH concentrations for the former cleaning activity. Reaction with NO 2 was responsible for most OH removal in both cases.
HO 2 initiation was driven by photolysis of carbonyls for both cleaning episodes, whilst termination was from a range of processes, but most important was reaction with NO 2 to form HO 2 NO 2 , followed by reaction with RO 2. at ~3 ppt. The CH 3 O 2 radical is formed through the oxidation of methane, but it is also the end product of the oxidation of a number of other VOCs, so likely has numerous sources.
It is interesting that the RO 2 from aromatic oxidation increased in other modeling studies have also predicted low concentrations.
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Clearly, measurements of NO 3 and speciated RO 2 indoors would be highly beneficial to help validate model predictions. Figure 5 shows the modeled concentrations of HCHO and CH 3 COCH 3 . Whilst HCHO exhibited distinct peaks during both cleaning activities, acetone showed a more pronounced peak during surface cleaning. HCHO reacts ~50× faster with OH than acetone, so one might have expected the acetone concentration to be higher during ACD use when the OH concentration was highest. However, HCHO is also formed rapidly through VOC oxidation that is enhanced at high OH concentrations, such that it sustained a similar concentration during ACD use to that observed during surface cleaner use. Many of the formation routes of acetone in the mechanism involve RO 2 interactions, particularly permutation reactions. The lower concentrations of RO 2 during the ACD use meant that this route was suppressed.
Also, linalool oxidation is a very efficient way to produce acetone. OH oxidation leads to an acetone yield of 34%-51%, with ozonolysis producing 21%-35% according to experimental measurements. 29, 30 These two factors explain the relative heights of the acetone peaks. Figure 6 shows a selection of secondary products formed from the terpene degradation mechanisms in the model (structures are provided in Appendix S1 and S2). With the exception of LMLKET (3-acetyl-6-oxoheptanal), these species showed a more pronounced peak during the use of the surface cleaner when compared to the ACD operation, which is not surprising given the higher concentrations of the terpenes at that point. LMLKET reacts much more slowly with OH than LIMKET or LIMAL (rate coefficient is 3.6×10 −11 for LMLKET cf. ~1×10 −10 cm 3 molecule −1 s −1 for the other two). Presumably, this difference in reactivity with such high OH concentrations permitted the LMLKET concentration to be maintained relative to the other two during ACD use, given the large number of formation routes for this species following limonene oxidation.
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The largest peak was for heptanal (C 6 H 13 CHO), which was derived in this simulation from linalool (and terpinene) degradation chemistry. This was assumed as a surrogate third-generation product in the absence of a more detailed mechanism (Appendix S1 and S2), so its concentration should be viewed as a proxy for linalool degradation in general. LIMAL, LIMKET, and LMLKET have been shown to be important in the gas-phase following the use of a limonene-containing cleaner in a previous modeling study. 41 The presence of LIMAL and LIMKET was also detected following use of a surface cleaner in a 20 m 3 chamber, with maximum concentrations of around 3 and 0.2 ppb respectively, albeit under higher ozone concentrations and a smaller volume than for the current study. . In reality, ACDs would likely be operating for much longer periods than during our study with much higher secondary pollutant concentrations possible. For instance, given the rate at which glyoxal and methylglyoxal concentrations increase during ACD use, it is possible that their concentrations could reach 2 and 3.6 ppb after 8 hours of ACD operation and assuming a supply of VOCs. Given the potentially harmful nature of some of these products 5 and the unknown effects of exposure to mixtures, this is an important area for further research.
| CONCLUSIONS
This study has demonstrated that air cleaning devices are able to produce OH concentrations indoors that are higher than those typically observed outdoors on hot, sunny days, and, also, than those that result indoors following the use of a surface cleaning product. Although such instruments are often marketed as effective removers of biological pathogens, their propensity to form chemical contaminants is a large drawback, but one that is relatively underinvestigated. The results from this study show that a range of secondary pollutants can be produced following cleaning, and this could be of particular concern where such instruments are operated over long periods. There is a clear need to carry out careful assessments of the effect on human health of air cleaner technology in a range of indoor environments, so that any gains through biological pathogen removal can be weighed up against the adverse effects that may arise from the formation of chemical contaminants. 
